1 3 5 7 a r t I C l e S Any complex nervous system is characterized by the precise placement of both neurons and glial cells. Interactions between neurons and glia are required in virtually all aspects of nervous system development and their accurate spatial patterning is essential for proper brain function [1] [2] [3] . To establish their correct arrangement, many of the cells of the nervous system come to their final position by directed migration. This is especially true in the PNS, where both axonal growth cones and glial cells often navigate considerable distances to their final destinations. In vertebrates and invertebrates, peripheral glial cells follow axonal projections into the periphery. They never overtake neuronal growth cones and require pre-existing axonal trajectories 2,4-9 . Thus, the migration of neurons and glia must be tightly coordinated.
a r t I C l e S Any complex nervous system is characterized by the precise placement of both neurons and glial cells. Interactions between neurons and glia are required in virtually all aspects of nervous system development and their accurate spatial patterning is essential for proper brain function [1] [2] [3] . To establish their correct arrangement, many of the cells of the nervous system come to their final position by directed migration. This is especially true in the PNS, where both axonal growth cones and glial cells often navigate considerable distances to their final destinations. In vertebrates and invertebrates, peripheral glial cells follow axonal projections into the periphery. They never overtake neuronal growth cones and require pre-existing axonal trajectories 2, [4] [5] [6] [7] [8] [9] . Thus, the migration of neurons and glia must be tightly coordinated.
The PNS of the Drosophila larva develops during a short time window at mid-embryogenesis. About 30 motor neurons are born in each abdominal segment and project their axons into the periphery. At about the same time a small number of sensory neurons send their axons along the motor axons into the CNS. Only twelve uniquely identifiable glial cells distribute in a stereotypical manner along each peripheral nerve 8 . Seven of these glial cells are born in the CNS and the rest are formed in the periphery 10 . Just after the first motor projections are established, the CNS-born peripheral glial cells accumulate at the CNS-PNS transition zone. They start to migrate some time after they have stopped dividing, suggesting that migration requires the release of some inhibition.
Genetic screens have identified several factors that are required for the migration and differentiation of peripheral glial cells in Drosophila. Notch and numb mutants show irregular glial cell migration with the leading edge cells having increased growth cones 11 . Common cytoskeletal regulators, such as the small GTPases Rho and Rac, function in peripheral glial cell migration 12 . Furthermore, mutants in the splicing factors crooked neck (Crn) and held out wings (How) interfere with glial differentiation and halt migration 13 . Whereas these genes are cell autonomously required in glial cells, proteins that act nonautonomously to regulate glial migration have been rarely described. In gain-of-function experiments the Netrin receptor Unc5 has been shown to direct the outward migration of peripheral glial cells 14 , but surprising few cells show migration defects in netrin or unc5 mutants 15 . How the tight coupling between axonal and glial migration is achieved is not understood.
Here we describe a non-autonomous regulator of glial cell migration. In a genetic screen for components that controlled the migration of peripheral glial cells we isolated several mutations in the cell-cycle regulator Fzr/Cdh1. We were able to genetically separate mitotic and postmitotic functions of Fzr/Cdh1 in glial development. In postmitotic neurons, Fzr/Cdh1 functioned non-autonomously to control glial migration. We also found that Fas2 is a crucial downstream component. Adhesion between neurons and glia was mediated by a previously uncharacterized glial isoform of Fas2. Fzr/Cdh1 locally downregulated Fas2 in the motor neuron and this was permissive for the initiation of glial cell migration. Our data lead to a model of how Fzr/Cdh1 modulates adhesion between neurons and glial cells and thus coordinates the onset of axonal development and glial cell migration.
RESULTS

Identification of fzr/cdh1
To elucidate the mechanisms that control glial migration, we characterized ethyl methanesulfonate mutants with defects in the peripheral glial pattern. In mutant 8F3, 19C6 and 20E1 embryos, the peripheral glia failed to initiate their migration and accumulated at the CNS-PNS a r t I C l e S transition zone (Fig. 1a,b and Supplementary Fig. 1 ). Live imaging of migrating peripheral glial cells showed that their migration was markedly reduced (Supplementary Movies 1 and 2) . In addition, mutant embryos were characterized by an excess of glial cells, disrupted axonal tracts in the CNS and occasional axonal mistargeting in the PNS (Fig. 1a-c and Supplementary Fig. 1 ). We used deficiency mapping and complementation studies to identify these mutants as fzr/cdh1 alleles. Moreover, the fzr ie28 null allele 16 caused the same phenotypes (Fig. 1c) , which could be rescued by ubiquitous expression of a fzr/cdh1 cDNA (data not shown), confirming that fzr/cdh1 is essential for glial migration.
On the basis of the observed phenotypes, we identified additional fzr/cdh1 alleles in a collection of axon pattern mutants, formerly described as reduced axons (redax) alleles 17 . Subsequent sequence analyses revealed mutations spanning the entire fzr/cdh1 coding sequence (M442, 8F3, G129, H089, 20E1; Supplementary Fig. 1 ). Early stop codons in 20E1, G129 and H089 led to truncated proteins that could be detected by protein blot, whereas the shorter protein generated by the 8F3 mutation seemed to be unstable ( Fig. 1d and Supplementary Fig. 1 ). The mutant 19C6 carried a histidine to leucine exchange in the third WD repeat (H255L) and produced elevated Fzr protein levels ( Fig. 1d and Supplementary Fig. 1 ).
Glial migration and proliferation defects are not linked Fzr/Cdh1 is a well-known cell cycle regulator, which mediates arrest in G1 phase. In fzr/cdh1 mutants, mitotic cyclins accumulate and some epidermal cells undergo one additional round of mitosis 16 . Accordingly, the overall number of glial cells was increased from 35 in wild-type hemineuromeres to 46 in mutant hemineuromeres (Figs. 1a-c and 2) . Thus, fzr/cdh1 also controlled cell cycle arrest in glial cells and this might explain the migratory deficits in fzr/cdh1 mutants.
To investigate whether cell cycle defects contribute to the migration phenotype we generated fzr/cdh1 cyclinA double mutants. cyclinA encodes an essential cell cycle regulator that is upregulated in fzr/cdh1 mutants but also inhibits Fzr/Cdh1 function 16, 18 . cyclinA mutants showed decreased numbers of glial cells. In fzr/cdh1 cyclinA doublemutant embryos the number of glial cells was the same as in wildtype embryos (Fig. 2a-d,h ). Despite the rescue of their cell number, glial cells still failed to migrate in fzr/cdh1 cyclinA double mutants, indicating that fzr/cdh1 independently controls glial proliferation and migration (Fig. 2d,i) . Furthermore, glial cells adopted a differentiated appearance in fzr/cdh1 mutants, as judged by the expression of GFP (Supplementary Fig. 2 ).
Neuronal fzr/cdh1 controls glial cell migration To further test whether fzr/cdh1 controls glial migration postmitotically independent of its role in the cell cycle, we conducted cell type-specific rescue experiments. Expression of a wild-type fzr/cdh1 cDNA in glial cells under the control of the repoGal4 driver or the even earlier acting gcmGal4 driver rescued neither glial cell numbers nor the migration defects (Fig. 2e,h,i and data not shown), suggesting that fzr/cdh1 function is not required in glial cells. To test the possible contribution of neuronal cells we expressed Fzr/Cdh1 under the control of the elavGal4 C155 enhancer trap. Whereas glial proliferation was not significantly affected (Fig. 2h) , the migration phenotype was completely rescued in 49.6% of the hemisegments and partially rescued in 25.9% of the hemisegments ( Fig. 2f,i ; n = 139; for definition of rescue strength see Supplementary Fig. 2 ). This confirms that glial proliferation and migration can be independently addressed and shows that fzr/chd1 has a postmitotic, non-autonomous function in controlling glial migration.
When we used an elavGal4 promoter fusion driver we noted almost complete rescue of both the glial migration (71.5% full rescue; 19% partial rescue; n = 105; Fig. 2g,i) and the glial proliferation phenotypes, confirming that this line confers some activity in neuroblasts 19 . Thus, fzr/chd1 can also rescue proliferation phenotypes, if expressed early enough. In addition, the axonal growth phenotypes in the CNS and the PNS were restored when fzr/cdh1 is expressed in the elav pattern (Fig. 2f,g and Supplementary Fig. 2 ). In conclusion, our data show that fzr/cdh1 can rescue glial proliferation and migration independently. Fzr/Cdh1 functions postmitotically in neurons to control the movement of glial cells non-autonomously.
Glial migration requires APC/C function
Fzr/Cdh1 is a co-activator of the E3 ubiquitin ligase APC/C (Supplementary Fig. 1 ) 20 . To test for APC/C activity in postmitotic neurons we expressed the target protein CycB together with β-galactosidase as expression control in motor neurons. Only a little CycB accumulated in wild-type neurons, whereas β-Gal was readily detectable, suggesting that CycB levels are efficiently controlled by a functional APC/C (Fig. 3a,b) . Consistent with this observation, overexpressed CycB accumulated in fzr/cdh1 mutant motor neurons, indicating that Fzr/Cdh1 can act through the APC/C in these cells (Fig. 3c,d) .
In vitro experiments showed that binding of Fzr/Cdh1 to the APC/C required the last two amino acids, the so-called IR tail 20 . To determine whether Fzr/Cdh1 function was mediated by the APC/C in the context a r t I C l e S of glial migration, we generated a fzr/cdh1 transgene lacking this APC/C binding motif (fzr/cdh1 ΔIR ) and compared its ability to rescue the phenotype with that of a wild-type fzr/cdh1 construct. We used PhiC31 integrase-mediated transgenesis to control for expression strength 21 .
The truncated mutant could rescue glial proliferation and migration, but to a lower extent than wild-type fzr/cdh1 ( Supplementary Fig. 3 ), indicating that APC/C binding is involved, but in vivo does not solely depend on the last two amino acids.
Embryos carrying mutations in the Drosophila homologs of several APC/C subunits (shattered/APC1, morula/APC2, ida/APC5, cdc27 and lemming/APC11) 20 complete embryogenesis normally owing to the persistence of maternal proteins and mRNA (data not shown and Fig. 3e,f) . As the absolute requirement of the APC/C for cell division prevents the generation of germline clones, we generated zygotic double mutants for genes encoding the core subunits morula/APC2 and lemming/APC11. (Fig. 4d,e) . However, in embryos that lack both fzr/cdh1 and fas2, glial cell migration was substantially rescued ( Fig. 4d-g ; normal migration in 54.7%, partial migration in 27.9%, n = 86). In such double mutants, the glial cell number was still increased and the axonal growth defects were the same as in fzr/cdh1 mutants (Fig. 4f,h,i) , but the peripheral glial cells distributed nicely along the peripheral nerves. This shows that glial migration phenotypes are not a secondary consequence of axonal phenotypes and that Fzr/Cdh1 acts through the adhesion molecule Fas2 to control glial migration. Mutations in the closely related adhesion protein Neuroglian (the Drosophila L1 homolog), which is expressed on glial and neuronal cells, did not suppress the glial migration phenotype in fzr/cdh1 mutants (Supplementary Fig. 6 ), indicating that the interaction between Fzr/Cdh1 and Fas2 is specific. In summary, out data suggest that Fzr/Cdh1 controls glial cell migration by regulating Fas2 and that too much Fas2-mediated adhesion can prevent migration.
Neurons and glial cells express different Fas2 isoforms
Fzr/Cdh1 controls glial cell migration in the PNS through Fas2, which is commonly used as a marker for motor neurons in Drosophila 23 . We investigated how the presence of Fas2 on neurons is communicated to glia. Fas2 is evolutionary conserved and its mammalian homolog NCAM and its Manduca homolog exist in different isoforms, of which the transmembrane-bound variants are expressed by neurons and the GPI-linked isoform is found on glial cells [24] [25] [26] . mutant glial phenotypes, which could be rescued by neural morula expression ( Fig. 3g,h; for quantification, see Supplementary Fig. 4) . In summary, these data suggest that Fzr/Cdh1 non-autonomously controls glial migration through APC/C function in neurons.
Expression of Fzr/Cdh1 and APC/C in postmitotic neurons As Fzr/Cdh1 is required to regulate glial migration, we next set out to analyze its expression. The efforts of several labs, including ours, generated antibodies that worked in protein blots but failed to detect Fzr/Cdh1 protein in tissue. This might be due to very low expression, as has been described for the vertebrate homolog Cdh1 (ref. 22) . In situ hybridization showed weak expression of Fzr/Cdh1 throughout the nervous system (Supplementary Fig. 5 ). The P[lacZ] enhancer trap insertion in the fzr/cdh1 promoter region shows the same ubiquitous expression pattern and marks many postmitotic neurons (Fig. 4a) . In line with the rescue data, it was expressed only weakly in glial cells (Fig. 4a) .
Similarly, enhancer trap insertions in lemming/APC11 and cdc27 showed that they were expressed in many postmitotic neurons, including identified motor neurons (Supplementary Fig. 5 ). To further investigate the subcellular localization of Fzr/Cdh1 we used transgenes that direct the expression of GFP-or Myc-fusion proteins. These overexpressed proteins were functional, as they could rescue fzr/cdh1 mutant phenotypes ( Supplementary Fig. 5 and data not shown). Upon neuronal expression, the fusion proteins localized predominantly to the cytoplasm and the axons (Fig. 4b,c) . Furthermore, expression of a Morula-APC2-EGFP fusion labeled axons and the cell soma ( Supplementary Fig. 5 ), raising the possibility that APC/C Fzr/Cdh1 could locally regulate axonal substrates that inhibit glial migration.
Fas2 is a target of Fzr/Cdh1
Above we have shown that Fzr/Cdh1 acts non-autonomously in neurons to control glial migration through the APC/C. Thus, we reasoned that in fzr/cdh1 mutants, inhibitory axonal proteins accumulate to 
r t I C l e S
The Drosophila fas2 gene has been described to encode three isoforms: two transmembrane isoforms (PEST+ and PEST-) and a GPI-anchored version of the protein 23 . We used RT-PCR to identify a fourth variant (Fig. 5a,b and data not shown). The monoclonal antibody that is generally used to detect Fas2 (mAb 1D4) recognizes two of these isoforms, Fas2 PA+ (isoform A, contains PEST domain) and Fas2 PA− (isoform A, no PEST domain), and serves as a motor neuron marker (Fig. 5a-c) . However, an enhancer trap insertion in the fas2 promoter region suggests that in Drosophila, fas2 is expressed in a much wider pattern. Besides expression in clusters of motor neurons, the enhancer trap also marks peripheral glial cells (Fig. 5d) . To detect the localization of the different Fas2 proteins we generated several exon trap insertion lines, which allow distinct Fas2 isoforms to be visualized even in living animals (Fig. 5a,e-g ). Fas2 GFP397 tags the isoforms PA(PEST+), PA(PEST-) and PB (Fig. 5a) . As observed in the enhancer trap, Fas2 GFP397 is broadly expressed. As expected for the PA isoforms, it highlights motor axons in the PNS, but it also marks peripheral glial cells (Fig. 5e-g ).
This expression can therefore be assigned to the Fas2 PB isoform. Stationary glial cells at the CNS-PNS boundary show prominent GFP expression, whereas low levels of Fas2 are found on migrating glial cells (Fig. 5e-h ). This finding suggests that Fas2 can act as a homophilic adhesion protein between axons and glial cells.
Low Fas2 allows initiation of glial migration
As Fzr/Cdh1 functions non-autonomously in neurons to control migration, we revisited Fas2 expression in motor neurons. Careful re-examination of the distribution of the axonal Fas2 PA+/− isoforms during neurogenesis revealed a graded expression in the axon (Fig. 6a-d) . The formation of this Fas2 gradient coincided with the onset of glial cell migration in stage 14. Notably, in most segments of fzr/cdh1 mutants, this graded Fas2 expression was lost (Fig. 6e-i) . The graded distribution of Fas2 was quantified by measuring the ratio of expression levels behind the growth cone and at the CNS-PNS transition zone (ratio in wild type: 2.04, n = 55 nerves; ratio in fzr/cdh1: 1.17, n = 51 nerves; P < 0.01; Fig. 6i and Supplementary Fig. 7 ). Fig. 7) . Consistent with the disrupted graded distribution of Fas2 in fzr/cdh1 mutants, we noted a slight increase in overall Fas2 expression in mutant embryos (Supplementary Fig. 7) . Together with the phenotypic rescue in the fas2 fzr/cdh1 double mutant, this observation supports the idea that the fzr/cdh1 glial phenotype is caused by local removal of Fas2 and therefore a change in its axonal distribution.
Fas2 and its vertebrate homolog NCAM act as homophilic adhesion proteins and might modulate migration through adhesion or signaling activities 23, [28] [29] [30] . Our data predict that accumulation of Fas2 should stall peripheral glial migration. Indeed, overexpression of intact Fas2 or a transmembrane Fas2 lacking the cytoplasmic domain in glial cells and neurons in wild-type embryos attenuated glial movement, whereas overexpression of a transmembrane-bound Fas2 that lacked the extracellular domain did not have any phenotypic effects ( Fig. 6j-l; for quantification, see Supplementary Fig. 8 ). These findings also suggest that migration is regulated through differential adhesion and does not require Fas2-mediated signaling (Supplementary Fig. 9 ).
The graded expression of Fas2 requires endocytosis
We have shown that the coordination of glial migration along its axonal substrates is regulated by APC/C Fzr/Cdh1 -dependent stabilization of the Fas2 adhesion protein (Supplementary Fig. 9 ). Vertebrate NCAM can be targeted for endocytosis by ubiquitination in vitro 31 . Likewise, Fas2 is recycled at the Drosophila neuromuscular junction 32 . In agreement with these findings, we found that Fas2 showed a dotted cellular distribution in the CNS (Fig. 7a and Supplementary Fig. 10 ), which in part colocalizes with different endocytic markers (Rab4, Rab5 or Rab11; Fig. 7b-d) . Furthermore, in fzr/cdh1 mutant embryos the amount of vesicular Fas2 expression was reduced ( Supplementary  Fig. 10 ). When we blocked endocytosis by expressing a temperaturesensitive dominant-negative dynamin (UASshi ts ) or interfered with the endocytic pathway by expressing a dominant-negative Rab4 construct in neurons, the glial migration phenotype of fzr/cdh1 mutants was reproduced and graded Fas2 expression was reduced, whereas the axonal scaffold stayed largely intact (Fig. 7e-j) . Although we do not have evidence for a direct interaction between Fzr/Cdh1 and Fas2, our data are consistent with a model in which removal of Fas2 from the plasma membrane through endocytosis creates a graded distribution of axon-glia adhesion, which enables glial migration.
DISCUSSION
In the nervous system, glial cells generally show extensive migratory abilities 4 . This is particularly evident in the PNS of Drosophila, where glial cells closely follow axons to eventually differentiate. Our results suggest a mechanism by which neurons determine the onset of glial migration and thus coordinate the development of these two cell types. We have describes a new non-autonomous requirement for Fzr/Cdh1, one of the two main regulators of APC/C function 20 , in non-autonomously controlling glial migration by regulating cell adhesion between neurons and glia (Supplementary Fig. 9) .
APC/C Fzr/Cdh1 was initially identified on the basis of its central role in cell cycle control, but postmitotic APC/C function is also required during later stages of neuronal development 33, 34 . We could genetically separate the mitotic and postmitotic requirements for Fzr/Cdh1 function in glial development. Glial proliferation could be rescued without simultaneously rescuing migration and, vice versa, glial migration could be specifically rescued independent of proliferation or axonal growth phenotypes.
In mice, APC/C Fzr/Cdh1 regulates axonal growth by regulating nuclear substrates 35, 36 . However, fzr/cdh1 regulates axonal growth in the opposite manner in Drosophila. In addition, the Drosophila APC/C also seems to control synaptic size and activity 34 . Besides regulating different substrates, the other APC/C coactivator Cdc20 also participates in presynaptic development 37 . Thus, reiterative use of variations of the same ubiquitin ligase machinery allows many aspects of nervous system development to be controlled. In the context of glial cell migration, we have identified Fas2 as a crucial downstream target of APC/C Fzr/Cdh1 . In the Drosophila PNS, the glia navigate along the motor axons and require a graded distribution of the homophilic adhesion protein Fas2 to determine the onset of migration. This graded distribution was brought about by endocytosis. Although we could not show that Fas2 is directly ubiquitinated, the vertebrate Fas2 homolog NCAM is targeted for endocytosis by ubiquitination 31 . Cell adhesion molecules have frequently been linked to migration and migratory processes often require the dynamic modulation of adhesive properties. As such, the differential localization of adhesion proteins to different axonal domains has been described 38, 39 . A subcellular gradient of the L1 family member neurofascin is required for the correct GABAergic innervation of the axon initial segment of Purkinje neurons and high levels of neurofascin are needed to stop the extension of the basket axon and to initiate synapse formation 40 . Another example stems from primary cell cultures of Drosophila neurons, in which the axonal membrane can be subdivided into distinct domains. Cell-intrinsic properties, which in part require dynamin-dependent membrane recycling, establish the polarized distribution of membrane proteins 41 . Similarly, we found that interference with the endocytic pathways disrupts both the subcellular distribution of Fas2 and migration of glial cells. Furthermore, our results support an upstream mechanism by which such a subcellular distribution of adhesiveness can be brought about and it will be interesting to determine whether the same or a similar mechanism acts in other contexts.
Although the local downregulation of Fas2 is crucial for the initiation of glial migration, and specifically rescues glial migration phenotypes in fzr/cdh1 mutants, the final positions of glial cells are normal in fas2 mutants. The modulation of Fas2 adhesiveness seems to be a general concept in the control of migration. In the vertebrate CNS, adhesiveness mediated by the Fas2 homolog NCAM is altered by the addition of polysialic acid (PSA) 42, 43 . Whereas NCAM mutants are viable, fertile and have only minor nervous system phenotypes 44 , loss of the two polysialyltransferases that transfer PSA to NCAM severely affects brain development, and this phenotype can be rescued by the loss of NCAM 42, 43 . In the context of the migration of Schwann cells, the vertebrate counterpart of peripheral wrapping glial cells, glialderived neurotrophic factor can stimulate motility by decreasing NCAM-mediated adhesiveness 30 . Whereas the concept of regulating adhesion to control migration seems to be conserved, the underlying mechanisms can be different.
Although the downregulation of axonal Fas2 is necessary to initiate glial migration, additional mechanisms must be in place later to attenuate glial movement. In the Drosophila PNS these could include mechanical contact with the peripheral-born glia, which migrate ventrally 10, 11 . Such a contact-dependent spacing of glial cells has been observed for oligodendrocyte progenitors in zebrafish development 45 .
Several isoforms of Fas2 and NCAM are generated in vivo, and these have conserved cell type-specific expression. GPI-linked Fas2 or NCAM proteins are expressed by glia, whereas the large transmembrane forms are found on neuronal membranes 46 . These adhesion proteins not only control the degree of adherence between cell types, but can also function as regulators of cell signaling. As such, Fas2 can inhibit EGF receptor signaling in the fly 47 . Moreover, NCAM, whose expression can be further regulated by the Ca 2+ -dependent adhesion protein E-cadherin, affects fibroblast growth factor receptor function during cell migration 29, 48 . Receptor tyrosine kinases have also been implicated in glial differentiation 49 . Therefore the analysis of Fas2 might serve as one entry point to decipher the link between glial migration along neuronal processes and the subsequent extension of glial membranes around the axon.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
